Introduction

24
Linear sp carbon chains (SPCCs) are viewed as promising materials for a number of applications 25 in nanomechanics and nanoelectronic/spintronic devices [1] [2] [3] [4] [5] [6] [7] [8] . Current research has investigated 26 the structural, electronic, transport, and mechanical properties of linear acetylenic carbon [1, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] .
27
In particular SPCCs have usually been investigated mainly in connection with sp 2 carbon [3, 7, 19, 28 21,23,24], consistently e.g. with experiments where SPCCs form in the latest stages of graphene 29 breaking under strain [4, 25] . 30 In the present work we explore the alternative possibility of combining SPCCs with sp 3 carbon. 31 As SPCCs are highly unsaturated, they tend to react easily with other carbon forming extra bonds,
32
with the result of degrading into sp 2 or sp 3 structures. For this reason, it is necessary to isolate
33
SPCCs in some sufficiently large cavity inside sp 3 carbon. Such a cavity needs to be, on one hand, 34 long enough to accommodate a SPCC without too much strain and, on the other hand, wide enough 35 to keep the SPCC isolated and prevent spontaneous reaction and degrading. Our choice falls on 36 hexagonal diamond (lonsdaleite), precisely because of its hexagonal structure, which suggests a 37 natural direction for the cavity long axis, although we see no special reason why the same kind 
54
The cylinder is placed in a way that the bottom and top C atoms along the cylinder axis stick 55 out toward the inside of the cavity with their dangling bonds. We then insert one SPCC (red- Figure 1 : An example of the proposed structure combining sp (red) and sp 3 (blue) carbon. a: A side cut in thex −ẑ plane; one primitive cell of bulk lonsdaleite is highlighted in black. b: A top cut in thex −ŷ plane, showing the circular base of the cylinder (radius r = 300 pm) used to cut out the lonsdaleite atoms and construct the cavity. The C 6 SPCC binds to carbons of the sp 3 cage where dangling bonds stick out inside the cavity.
The optimal chain length that fits the cavity axis is clearly related to the height h of the cylinder.
62
Indeed, a chain much shorter than h would be too strongly strained to bind to both top and bot-63 tom sides of the cavity. In contrast, a chain significantly longer than h would suffer compressive 64 strain and therefore buckle [26] , to the extent that it may even recombine with the lonsdaleite cage. 
72
The ends of the SPCC chains are linked with the cavity at the top and bottom layer of sp 3 -73 hybridized carbon via single bonds. As a consequence, we expect the carbon chain to display a 74 sizable bond-length alternation , i.e. to be in a polyynic (as opposed to cumulenic) state [12, 29] . h. This comparison is provided in Table 1 for a few well-matching combinations. The fractional 79 strain ε = (h − l)/l could be as small as 0.4% for a N = 26 atoms SPCC inserted in a m = 8 80 cavity. As illustrated in Table 1 , C 6 and C 12 experience a significant tensile strain whereas C 10 is 81 under moderate compressive strain. Of course the stresses associated with these strains could partly 82 be released once these initial idealized structures are allowed to relax. Table 1 : A comparison between a few possible heights h of the cylindrical cavity and the length l of the best-fitting SPCC. m is the number of lonsdaleite c units defining the cavity height, and N is the number of atoms in the SPCC, see Figure 1 . The last column reports the nominal fractional strain ε = (h − l)/l in percent. To construct a well-defined model for simulations, we need to set the cavity radius R, and the num- worst to interpenetrate) neighboring cavities, the following inequalities must be respected:
83
m h [pm] N l [pm] ε [m c > m ,(1)m a a > 2 R + t cage ,(2)
89
where a = 251 pm is the lonsdaleite lattice spacing in the xy plane, and t cage = 72 pm is the min-
90
imum acceptable thickness of the cage, which is the length of a single C-C bond projected in the 91 horizontal plane. At the same time, R must exceed a few Å in order to allow longer SPCCs to 92 buckle or to vibrate like violin strings without immediately binding to the cavity inner surface.
93
Given these conditions, the model involves a total number of atoms according to the rules discussed in section "The model". Table 2 lists the relevant structural param-
113
eters for the initial configurations.
114 Table 2 : The structural parameters used to build the six different configurations considered in this section. m a and m c are the numbers of repeated lonsdaleite unit cell along the a, c primitive vectors respectively; R is the cylindrical-cavity radius, m is the number of lonsdaleite c units defining the cavity height, and N is the number of atoms in the SPCC. The first row describes the structure of Figure 1 . N tot , Eq. (3), is the total number of atoms in the primitive cell of each configuration; N cyl , Eq.(4), is the number carbon atoms that were removed in order to make room for the cavity. with a visible tendency to increase as the size of the cavity increases, involving more cut bonds.
127 Table 3 : The energetics of the relaxed configurations: N fixes the length of the C N chain, R is the cavity radius, and the other structural parameters are as listed in Table 2 . ρ is the average density of the allotrope, systematically smaller than that of pure lonsdaleite, which is ρ 3548.9 kg/m 3 within the same DFTB model, to be compared with the experimental value ρ 3510 kg/m 3 [27] . ∆E is the difference in total energy per atom between the considered structure and bulk lonsdaleite. E cost , Eq. (6), is the energy required to cut the N surf bonds, thus creating the cylindrical cavity. E gain is on half of the energy lowering associated to the chain bonding to the inner cavity walls. This result suggests that the dominant factor in the lower stability of these allotropes is the energy
required to cut the bonds and dig the appropriate cylindrical cavity out of bulk lonsdaleite. The 131 three total adiabatic energies at the right hand side of Eq. (6), have the following meaning: E cage is 132 the energy of the lonsdaleite cage surrounding the cavity (no SPCC); E cyl is the energy of the cylin-133 drical portion of lonsdaleite that has been removed to create the cavity; and E bulk is the energy of 134 a portion of bulk lonsdaleite with the matching number of atoms N bulk = N cage + N cyl . All these 135 energies refer to fully-relaxed configurations. N surf , also reported in Table 3 , is the number of cut
bonds at the surface of the cylinder. of the allotrope, observed in the increasing excess energy ∆E above.
140
On the other hand, the bonds of the SPCC with the cage are beneficial to the overall stability. We 141 quantify this stabilizing contribution with
143 namely the bonding energy (per bond) that is gained when attaching the SPCC inside the cavity.
144
Here E free C N is the energy of an unsaturated C N SPCC isolated in vacuum.
145
The quantity E gain depends on the stress state of the SPCCs, arising from the strain ε reported in 146 samples differing only for their initial condition picked from the 1500 K run, as described above.
181
The temperature of the T = 3000 K group is increased through an intermediate 2 ps equilibration 182 step at 2550 K to prevent the SPCC from breaking immediately due to the explosive temperature 183 increase.
184
After for each temperature we have obtained a set of independent fairly-well equilibrated config-
185
urations and velocities, we remove the thermostat and the barostat, and execute microcanonical The rupture time is taken as the first time step for which the l > 210 pm condition is verified. Each curve reports an independent microcanonical simulation carried out starting with uncorrelated snapshots previously equilibrated at T = 2100 K. Arrows indicate the rupture times. Note that the spike of the black curve crossing the threshold is not recognized as a rupture event, thanks to averaging l: for the black-curve sample, the rupture is recognized to occur at a later time, not visible in this figure.
We can fit the temperature dependence of the decay rate τ −1 with an Arrhenius model: obtained from the population fits. Table 4 reports the fitting coefficients, along with their standard These results allow us to predict that in a hypothetical zayedene sample, containing a hugew num-228 ber of SPCC, their unbroken number would steadily decay in time at a rate estimated by τ −1 .
229
Given the approximations involved in the TB force field, discussed in appendix B, our numeri- ±0.006 0.2% 
The Vibrational Spectrum
237
The vibrational eigenfrequencies could be obtained by means of the diagonalization of the dynami- SPCC can be used as a fingerprint to reveal their presence experimentally, for instance using Ra-242 man spectroscopy [1] .
243
The density of vibration frequencies affects the correlations of specific dynamical quantities that 
248
where N at is the total number of atoms in the investigate structure. This formula is evaluated by sufficient to average over many randomly chosen initial conditions, so that the energy gets evenly 256 redistributed over the individual normal modes. In order to prevent any barostat-and/or thermostat-257 related frequencies, we simulate the system in the NVE ensemble.
258
We compute the velocity autocorrelations from 1-ps-long TBMD simulations, using as a starting cies, including the SPCC stretching modes, which reach up to 70 THz, or 2300 cm −1 at most [1] .
264
To spread effectively the excitation over all normal-mode oscillators, we average ρ over 10 differ- 
Electronic Properties
282
To investigate the electronic structure of the simplest allotrope, that of the first row of Table 2,   283 beside TB, we also we perform ab-initio DFT simulations, using the SIESTA package [45] . For 284 the exchange correlation energy, we consider a generalized gradient approximation (GGA), the . We sample the k points with a 3 × 3 × 4 Monkhorst-Pack mesh [31] .
288
Like in the TB model, we optimize the structure with a variable-cell relaxation CG method, until yedene allotrope, we report only the more reliable DFT band structure, rather than the TB one.
300
Figure Figure 6 shows the electronic band structure evaluated along the standard path reported on 301 the horizontal axis. Figure Figure 7 reports the corresponding DOS. energy in the range E and E + dE, weighted by their overlap with a given atomic orbital µ: identical to a 10 × 10 × 10 grid. The DOS of a specific set α of atoms is then simply the sum of the 313 PDOS relative to every orbital of every atom in that set:
cides with the entire primitive cell, then g α (E) coincides with the total DOS g(E).
315
Figure Figure 7 reports three PDOS, along with the total one. Given the small fractional number 316 of atoms in the SPCC, their contribution to the total DOS is relatively small. In particular, we note 317 that around the Fermi level E F there is little or no contribution of the SPCC orbitals. In contrast, For the electronic properties for the simplest allotrope, we resort to accurate ab-initio DFT sim- Table 5 : The difference in the total adiabatic energy per atom of each structure, relative to the C-C structure with both sides of the SPCC attached to the central binding sites, as in Figure 1 . δ E = (E S − E C−C )/N , where the label S identifies the pair of binding sites, see Figure 8 .
binding sites C − S1 S1 − S2 S1 − S3 S1 − S4 S1 − S1
δ E [meV] 0.0 3.3 −11.9 −15.6 −8.3
Panels a-e of Figure Figure 8 report side views of the resulting relaxed configurations, marking the binding sites taken at the beginning of relaxation. Table 5 reports the difference δ E in energy per 371 atom, relative to the center-center (C-C) configuration investigated in the main text. The oblique 372 S1 − C and S1 − S2 arrangements reported in Figure 8a ,b are energetically almost equivalent to 373 the C-C one. In these configurations a sizable fraction of the SPCC retains its sp-character. The 374 other three arrangements (S1 − S3, S1 − S4 and the vertical S1 − S2) are energetically favorable. The compared models show a general semi-quantitative agreement up to 220 pm, but beyond 411 this separation the TB approximation fails to describe dissociation reliably. Overall, the TB model 412 tends to underestimate the bond energy (∼ 6 eV rather than ∼ 8 eV). A few extra significant dif-
413
ferences occur nearing dissociation, as shown in Fig Figure 9 . TB fails significantly for high strain 414 of the central bond. DFT-GGA describes the expected smoothly attractive profile near dissociation.
415
In contrast the non-SCC TB model exhibits a level crossing to a dissociative state above 225 pm.
416
More seriously, the asymptotic limit is incorrect, because an unphysical charge transfer between 417 the two C 6 moieties leads, at high separation, to a total energy lower than twice that of a single iso- 
422
Due to the unsaturated carbons, the molecular C 12 dissociation studied here should be considered 423 as a worst-case scenario. In the calculations we carry out for our carbon structures, the bond satura-424 tion of all sp carbon prevents the formation of such unphysical charged states, leading to far better 425 reliability of the TB model, even in its plain (no SCC) faster incarnation, which we adopt through-426 out. The only significant problem that we recognize in the adopted TB model stands in its spon-427 taneous tendency to convert the (001) surface layer of lonsdaleite from sp 3 to sp 2 , which would 428 become problematic if we wanted to address larger cavities.
429
The reliability of the TB model for the simulation of these allotropes is verified also by comparing the predictions for the simplest zayedene, a C 6 chain inserted in a R = 3 Å, m = 2 cavity, namely 431 the structure described in the first row of Table 2 and in Figure 1 . Table 6 Table 6 : Structural properties of the C 6 chain inside the R = 300 pm, m = 2 cavity, namely the structure of Figure 1 and of the first row of Table 2 
